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FTIR Investigation of the Fluorocyclohexane Ring Inversion in Liquid Kr
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Midinfrared spectra of solutions of fluorocyclohexangHGF, in liquid Kr (LKr) have been investigated at
temperatures between 120 and 188 K. Three temperature intervals are distinguished for the equatorial (e)
axial (a) conformational relaxation. At temperatures below 141 K the rate of conformational equilibration is
negligible and the population ratio of the conformers is “frozen”, while at temperatures above 151 K the
equilibrium is established nearly instantaneously. In the intermediate temperature interval, the relaxation times
are such that the equilibration can be followed using FTIR spectroscopy. From spectra recorded between 151
and 188 K the standard enthalpy differedd® in LKr was determined to be 1.3 (4) kJ mél Between 141

and 151 K, and starting from solutions with nonequilibrium conformer populations, the conformational
relaxation was studied as a function of time. From these data, the enthidfpgnd entropyAS® of activation

for the a- to e-conformer interconversion were found to be 37.8 (12) kd'naold —30 (9) J mof? K4,
respectively. From the kinetic data, the extinction coefficients rafiq for the v,; conformational doublet

was determined to be 0.38 (4). The standard entropy differ&t®ewas determined using this extinction
coefficient ratio, yielding a value of 1.14 (11) J mélK %, and was also determined from the temperature
dependence of the infrared band areas, yielding a value of 1.0 (6)3 Kiol. The results are discussed in

light of literature data and in light of Monte Carlo free energy perturbation calculations, which yield information
on the difference in solvation enthalpy and difference in solvation entropy of this species studied.

Introduction solids at various temperatures were presented. In agreement with

. the conclusions derived from other spectroscopic studies, the
Cyclohexane and monosubstituted cyclohexanes are confor-y,:- optained by Christian et ®lshow the presence of a- and

matlonally flexible systems, and the cpnformanonal equilibrium  o_Jformers in the vapor and liquid phases, and in the plastic
in these molecules has been the subject of intense resedfch. (i state

In this study we concentrate on dynamic aspects of fluoro- Vibrational s ;

i . pectroscopy can be used to determine the
3¥?Iohexaﬂe .(F(IZH)' hTEIIS Icompom;]nd h‘f’ b_ee?] StUd'eﬂ by activation parameters for conformational interconversion. Pro-
different physical methods. It was shown that, in the gas phase, e g res to derive liquid-phase values for these parameters have
In the.pure |IQUId: and in squt|on§, FCH occurs as a m|'xture'of been describetf 18 In these studies, the kinetics of conforma-
two different chair conformers, with the fluorine atom eitherin oo yransitions were studied by dissolving the molecules in
an equatonal (e)sor inan ax@\l (2) position. Electron diffraction liquefied gases such as ethane, propane, and some Freons. More
and dmlgr%\{vbat;/é studle(iﬁyleldigsogafs(-)phase ;/gzlgues Ofd the ecently, this technique has been expanded by using solutions
itgg alrz kIJ S;Tergy18|7elr<e2 FCHOh .7t(at . K) an q in liquid rare gase$? The latter solvents have the advantage of

25 ( d)l b mNMF(Qat ): 1 Nas _ee_rf1_ mvestﬁjate having greater chemical inertness, and of being transparent in
(rjepeatde Y yf h spefctrosc.oﬁyl.l O'I'Elgm icant phase a much wider spectral region, from the far-infrared up to the

epen erfce of the-e con °rma“°“"3} equilibrium constant was Satisfactory liquid phase temperature intervals can easily
observed: the gas-phase valueAg®® at 250 K8 is 1.05 (6) kJ be achieved at slightly increased pressdfés.

mol~1 and the liquid-phase value is 0.88 kJ miohat 250 K0 : I

and 0.75 kJ mol® at 298 K* It was further showhthat in In the present paper we describe the resuits of a kinetic study

solution AG® is remarkably independent of the solvent, the _ofthe fluorocyclohexane ring inversion in liquid Kr (LKr) using

different values ranging from 0.38 kJ mélin nitrobenzene to infrared sgtectroscppy_. From the data,. the emhw and

0.84 kJ mot* in acetic acid (at 298 K). entropy AS" of activation were determined. In addition, the
standard enthalpy differencAH® and the standard entropy

Thez_vllsbratlongl spectra_of FCH have also been investi- differenceAS’ describing the conformational equilibrium were
gatedt?~15 A detailed analysis of the infrared and Raman spectra measured in the same solvent

was carried out by Christian et ®lIn this study, the midinfrared

and far-infrared spectra of the vapor, liquid, and solid phases . .

were recorded, while high-pressure data on the neat liquid andExperlmentaI Section

on C$ solutions were obtained using a diamond anvil cell. Also,  The sample of FCH was obtained from Lancaster Synthesis
Raman spectra of the liquid and of the amorphous and crystalline(purity 98+9%) and was used without further purification. The
krypton was obtained from L’Air Liquide and had a stated purity
* Corresponding author. Fax:+32 3 2180233. E-mail: bvdveken@  of 99.998%.

ruca.ua.ac.be. . .
T On leave from Kazan State University, Kazan, Kremlevskaya str.18, The infrared spectra were recorded using a Bruker IFS 66v

420008, Russia. spectrometer equipped with a globar source, a Ge/KBr beam
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splitter, and a liquid nitrogen cooled broad band MCT detector. T/K

The interferograms were recorded with a resolution of 0.5%cm 190 180 170 160 150 140 130 120
and Fourier transformed using a Blackman-Harris apodization T ' ' T ' j '
function. A zero-filling factor of 4 was used for all experiments.

The number of scans used in a particular experiment was varied =
from 50 to 250, depending on the rate of interconversion that
was followed spectroscopically.

The cell for liquids used in this study is made of stainless
steel, has a path length of 70 mm, and is equipped with wedged
silicon windows. The cell is designed for use at pressures up to
150 baf! and is cooled with bursts of liquid nitrogen. The
temperature of the cell is measured by a Pt-100 thermoresistor.

The study of conformational interchanges and the corre-
sponding reaction rates requires the production of a solution in
which the conformer population is sufficiently displaced from
equilibrium. In this study, such solutions were prepared in the 50 55 60 65 70 75 20 35
following way. A steel vessel with an approximate volume of K/T)*10*

200 crrf was ﬁ”ed. atroom tempe_rature_ with a gase.ous mIXtu.re Figure 1. Plot of the logarithm of the ratio of the infrared band areas
of FCH and Kr, with a mole fraction ratio close to 1:3500. This 4 he 844 (e-conformer) and 833 cir{a-conformer) bands vsTLfor
mixture was rapidly condensed into the cell, which had been fiyorocyclohexane dissolved in LKr. Temperature of the sample
cooled to 120 K. This results in a solution of FCH in LKr in  increased gradually from 120 to 188 K.
which the relative conformer populations are close to their room- o )
temperature equilibrium values. Subsequently, an additional TABLE 1: Characteristic Vibrational Frequencies for the a-

- and e-Conformers of Fluorocyclohexane
amount of krypton was added to ensure complete filling of the

-0.05 |

-0.10

-0.15 |

In[1(844)/,(833

-0.20 |

-0.25 |

-0.30 -

cell. The resulting mole fraction of FCH is estimated to be IR band maximum/cmt
1:4500. After homogenizing at 130 K during 1 h, the cell was  solution in LKr liquid conformer assight
heated to the temperature required, and IR spectra were recorded 833.3 830 a Vo1
under isothermal conditions. During all experiments, the tem- 844.7 844 e Vor
perature of the cell was controlled manually, which resulted in 866.7 865 a V20, Vas
a standard deviation of the temperature smaller than 0.3 K. 1191.0 1190 e V3
s . 1330.5 1328 e V13

For the quantitative analysis band areas of spectral bands a Var
belonging to the a-conformer and the e-conformer were obtained 1341.0 1339 a Vio, V13, Vas
from least-squares fittings using Gauss/Lorentz sum functions.
These calculations were performed using Peakfit 42Q1inear characterizing the a- and e-conformers, that are used below, and
and nonlinear regression analysis of the data derived from thetheir assignments, are summarized in Table 1.
vibrational spectra were carried out using Origin &.0All Kinetic Results. The activation Gibbs energy of conforma-
uncertainties reported are standard deviations. tional transitions can be determined from measurements, at

Differences in solvation Gibbs energies were obtained from different temperatures, of the rate constants of the conformer
Monte Carlo free energy perturbation calculations, in which the equilibration reactions. It has been shd#m®2526that three
interconversion of one conformer into another in liquid krypton temperature ranges can be distinguished for a conformational
is simulated, using BOSS 42t All simulations were run in  relaxation process. In the lowest temperature range the rate
the NPT ensemble, using a cubic box and periodic boundary constants for conformational interchange are very small and the
conditions. A box containing 1 solute molecule and 256 Kr population ratio of the conformers for all intents and purposes
atoms was used, while preferential sampling was introduced to may be taken to be “frozen”. In the highest temperature interval,
describe the displacements of the solute atoms. During all the equilibrium is established “instantaneously”. In the inter-
calculations, attempts to move the solute molecule were mademediate temperature range, the relaxation times are such that
on every 50th configuration, while volume changes were applied the equilibration can be followed with standard FTIR techniques.
on every 500th configuration. The ranges for the attempted Thijs is illustrated in Figure 1, in which the logarithm of the
changes were chosen to provide a 40% accepted probability.ratio 1(844)1,(833) of the band areas of the 844 and 833 tm

The path froml = 0 (axial conformer) tol = 1 (equatorial infrared bands of a solution of FCH in LKr is shown as a
conformer) was completed in 40 steps, each step correspondindgunction of the inverse temperature. The data were obtained by
to a change\Z equal to 0.025. Advantage was taken of double- recording spectra of a solution that was heated at a constant
wide sampling allowing the calculations of two Gibbs energy rate of approximately 15 K/h. The three different temperature
changes at each step, i.e., between a reference system at whicimtervals can be clearly distinguished. At temperatures below
the simulations are performed & 1¢) and two perturbed 141 K, In[l«(844)14833)] hardly varies. Obviously in this range
systems withh = 1o = AAL. Each calculation consisted of an the rate of conformational equilibration is negligible: the
equilibrium phase of 10.& 10° configurations and a production  nonzero slope of the regression line is due to the temperature

phase of 40.0«< 1P configurations. variation of the extinction coefficient ratio. In contrast, at
temperatures above 151 K, 1gB44)14(833)] shows a linear
Results dependence upon the inverse temperature, showing that the

equilibrium is established on a time scale small compared with

The vibrational frequencies of FCH dissolved in LKr agree the time scale of the experiment, thus yielding conformer
favorably with those reported for the liquid and vapor phd8es, populations which are in agreement with the van't Hoff
which made assignments straightforward. The frequencies,isochore?’ In the temperature range between 141 and 151 K,
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Figure 3. Band areas of 844.7 (a) and 833.3 dn{b) bands of
0.1 fluorocyclohexane in LKr at 136.6 K as a function of time. The solid
lines give the behavior as simulated by eq 4.
0.0 W for an isothermal process described by eq 2 is given by

860 840 820 ct) = c,” — (c,” — ¢,) exp[=(k, + k] )

Wavenumber/cm® 1

) ) . where ¢? is the concentration of the a-conformer in the
Figure 2. Infrared spectra of fluorocyclohehane dissolved in LKr at beginni f th | fi 5% 0 de is th
136.6 K. (a) Nonequlibrium and (b) equilibrium mixture of the eginning o e relaxation process £ 0) and ca” is the

conformers. (c) Difference between b and a. equilibrium concentratiort (— o), with a completely analogous
expression for the e-conformer.

irreversible changes are observed, which indicate that in this Expression 3 shows that at the end of the relaxation process
interval the relaxation process can be followed spectroscopically. the concentrations of the conformers should become constant.
This temperature interval was used for kinetic investigations. The resulting values foc,® and ¢ define the equilibrium

In Figure 2, the 13601315 and the 886815 cn1? regions constantk at the temperature studied:
obtained for a typical solution of FCH in LKr at 136.6 K are
shown. For both plots, trace a is the spectrum of the solution K = k/k, = c,’Ic,” = (eJe)I(1.1.7) 4)
obtained immediately after the selected temperature was ob-
tained, while trace b is the spectrum of the same solution wheree, and ¢, are the extinction coefficients of the e- and
recordel 3 h later. Trace c is the difference spectrum obtained a-conformers, respectively, ahg? andl.* are the equilibrium
by subtracting (b) from (a). It can be seen that during the concentrations.
relaxation the band areas of the 1341 and 833.3'armodes By combining the results obtained fof” andc,”, eq 4, and
decrease, while that of the 844 thne-mode increases. A  the results obtained faeg + ke, eq 3, and via a measurement of
decrease of magnitude similar to that of the 134T €band is edes the values ok, andk. can be determined separately.

observed for the band at 1330.5 ¢ This band has been In Figure 3, the band areas of the 844 and 833 hands
assigned to bothwiz of the e-conformer andvs; of the obtained during an isothermal study at 136.6 K are shown as a
a-conformer, so that the observed decrease implies that thefunction of time. It can be seen that, in the initial phase of the
contribution ofvis(e) is considerably smaller that that o experiment, the band area of the 833 éiand decreases, while

(@). It should also be noted that the increase of the band areathat of the 844 cmt band increases. The data also show that,
for the 844 cm* (v21(e)) band is significantly smaller than the  from t = 10 000 s onward, the band areas of both bands
decrease observed for the 833 ¢nfvz1(a)) band. Because the  decrease, by some 1.5%. This suggests that, in addition to the
changes in concentration observed for the a-conformer and therelaxation process, a second process is taking place, which leads
e-conformer are equal in magnitude, but different in sign, the to a decrease of both concentratiaasindc,. The reasons for
unequal changes must reflect significant differences in the this decrease are not fully understood, but possible contributions
extinction coefficients of the bands. This will be discussed in are a decomposition of FCH and/or a partial crystallization of

more detail in a later paragraph. FCH on the cell walls. These hypotheses, however, are not
Measurement ofk, and ke. The interconversion supported by the detection in the spectra of bands due to
L decomposition products or due to crystallites.
e—a (1) Because the band areas of both the 844 and 833 bands

tdo not converge to a constant value, the model described by eq
3 cannot be used for the analysis of the present experimental
data. Therefore, a new model was developed, in which the small
changes of the concentration are taken into account explicitly.
The data in Figure 3 illustrate that at the end of the relaxation

between the e- and a-conformers can be described as a firs
order monomolecular reversible reacti§i.he kinetic equations
describing the changes of the concentrationand c. of the
conformers in such a reaction are given by

dc/dt = —dc/dt = —kc, + kC, 2) process the time evolution of the band areas is very nearly linear.
This implies a similar nearly linear behavior of the total
wherek, andke are the rate constants for the-ae and e— a concentratiorc, which can be approximated as

interconversions, respectively. If the total concentratiors
Ca +Ce, remains constant during the experiment, the solution c=c,+¢,=A+Bt )
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TABLE 2: Resulting Values of the Sum of the Rate o060 y y y ' '
Constantsk, + ke Fitted Using Eq 4 g
temp/K frequency/cmt (ka+ ko) x 10%s71 % 08
136.6 1341.0& 0.30 (1) '
1330.5 ea 0.32 (1)
844.7 e 0.31(3) 0.67
833.3a 0.31(2)
138.2 1341.0a 0.52 (4)
13305 ea 0.45 (5) 0.66
1191.0e 0.39 (4)
844.7¢ 0.47 (5) 05| ]
140.7 1833 fi?oaa 06%967((35)) 0.70 0.'72 o.'74 0.I76 o.l7f - 0.|80
1330.5 ea 0.99 (6) «(833)
1191.0e 0.75 (10) Figure 4. Dependence of the band areé844) of the 844 cm! band
844.7 e 0.84 (11) on that of the 833 crt band,14(833), at 136.6 K.
833.3a 1.04 (7)
143.2 1341.0a 1.8(2) van't Hoff plot was constructed using the 844 and 833&m
ggg;g ig 8; band areas. The standard enthalpy differences were calculated
' ' from the slopes of the linear regression lines. The values
833.3a 2.0(2) . - . . .
147.8 1341.0 a 3.9 (5) obtained from five dlffer_ent temperature studies varied between
1330.5 ea 4.2 (4) 0.97 and 1.90 kJ mot, with an averagéH® of 1.3(4) kJ mot ™.
844.7 e 3.4(17) This value is close to the value of 0.9(3) kJ mbteported*
833.3a 5.3(8) for a solution of FCH in C8 It confirms the conclusichthat

a2The letters “e” and “a” refer to the conformer to which the band
used is assigned.

where A and B are constants, and the differential equation
describing the changes @ can be modified as

dc/dt + (k, + k)c, = k(A + Bt) (6)

the conformational equilibrium in FCH is remarkably indepen-
dent of the solvent.

If the total concentration remains constant during the iso-
thermal process, the value of the extinction raditz, can be
obtained from a plot of the band area of the equatorial blnd,
versus that of the axial barg6.18
= —(eJe)l, T €lc (8)

Ie

For an isothermal process such as that observed in this study,

eq 6 has a solution:

Ca(t) = Py exp[—(k, + kJt] + p, + pyt (7)

in which py, p2, andps are constants. It may be safely assumed
that, with the concentrations used, the extinction coefficients
of infrared bands are not affected during isothermal time runs

wherel is the thickness of the absorbing layer. It follows from
the above that the requirement of a constant total concentration
is not strictly fulfilled for the present measurements. However,
the errors introduced by neglecting the changes in concentration
are relatively small, as can be seen from the following. During
the experiment, the relative change of the total concentration

' of the solution can be written as

so eq 7 can be used to model the behavior of band areas such
as those shown in Figure 3. Therefore, we have used an equation
of the form (7) to analyze, using nonlinear least-squares fitfing, =
the temporal evolution of the band areas of several bands of ¢ (Ide) + (Ifey)

FCH, at five different temperatures between 136.6 and 147.8

K. The sum rate constanks + ke obtained have been collected ~_ Inspection of the data in Figure 3 shows that during the last
in Table 2. It can be seen that at every temperature the values® h of the isothermal study the changeddrand|, are nearly

dc _ (difey) + (dl Je)

9)

are equal within their uncertainty limits. The quality of the fits
is illustrated for the 844 and 833 cthbands at 136.6 K in
Figure 3, in which the optimized behaviors of the model are
shown as solid lines. It may be remarked that the results in
Table 2 for the 1330.5 cmt band are in agreement with those

for the other bands. This is not surprising, because the fact that c le

this band is composed of contributions from both conformers

does not affect the value of the sum of the rate constants derived

from it using eq 7.

Measurement of AH® and ede,. UsingAG® = G°(a) — G°-
(e) = AH°®° — TAS’, the standard entropy difference between
the conformersAS’, can be calculated iAG°® and AH® are
known. The standard enthalpy differentkl® was derived using
the van‘t Hoff isochoré’ The other contributionAG®, can be
derived asAG® = —RTIn K, in whichK is as defined by eq 4.
K can be derived from the experimental rati®/l;*, if the
extinction coefficients rati@de, is known.

Values for AH° were obtained from several temperature
studies in the 156190 K interval, in which the conformational

identical, i.e., #(844)~ di4(833), while the intensities fole
andl, are quite similar, i.e l«(844)~ 1,(833). From eq 9 then
follows

de

dl
~—<0.015 (10)

If it is assumed that the rate of change of the concentration
during the first hour is similar to that in the final 5 h, it follows
that during the first hour the change in the total concentration
is limited to 0.3%. Such a small change can be neglected, from
which follows that a reasonable estimate of the ratie, can

be obtained using data from that time interval.

In Figure 4, the 844 and 833 crhband areas obtained during
the first hour of the isothermal study at 136.6 K are plotted
against each other. In line with the above assumption, the data
are linearly related. Similar analyses were also carried out for
the other isothermal experiments. The valuesf, obtained
from these studies vary between 0.33(4) and 0.44(3) and yield

equilibration is near instantaneous. For each temperature run aan average value of 0.38(4).



4540 J. Phys. Chem. A, Vol. 106, No. 18, 2002

The above value af/e, for the 844/833 cm! conformational

doublet is corroborated by ab initio calculations. The frequencies

for v,1 (Table 1) obtained from density functional calculations
at the B3LYP/6-31%+G(d,p) level are 855 cmi for the
e-conformer and 847.5 crh for the a-conformer, while the
corresponding infrared intensities are 1.0 and 3.9 km~ol
respectively. Thus, the calculations confirm that the extinction
coefficient for the e-conformer is significantly smaller than that
for the a-conformer, even if the calculated ratio, 0.26, is
somewhat smaller than the experimental value 0.38(4).
Measurement ofAS°. Values forAS> were derived by two
different methods. In the firsiAS® was calculated fronAG®

and AH°, as described in the previous paragraph. Using eq 4

and the average value ef/¢, derived above, values afG°
and AS’ were calculated for the time runs given in Table 2.
The individual values oAG®° ranged from 1.12 to 1.15, with
an average of 1.14(2) kJ md| while the values oAS’ ranged
from 1.01 to 1.28, with an average of 1.14(11) J MdK—%

In the second method\S’ is derived by combining data from

the highest and lowest temperature ranges of the experiments Y

such as the one shown in Figure 1. In the first interval both

conformers are in equilibrium and the ratio of the band areas
are determined by the van't Hoff isochore. In the second interval
no conformational changes occur, so the band areas hardly vary 0.00

with temperaturé’1828 The band areas in this temperature
interval can, therefore, be written as

1 S=elc’ (11)

Ieczeelcev a a~’a

where constant concentrationg and c° refer to some tem-
peratureTy, called the “temperature of freezing® at which the
ratio ¢/t is the equilibrium ratio of the conformer populations.
From the relationships

C
f = exp(AS’/R) exp(—~AH°/RT),
C

o
— = exp(AS’/R) exp(—AH°/RT,) (12)

C
Ce

andc, + c. = ¢ + ¢, the following expression can be derived:
Y = expAS’/R)X (13)
where the variableX andY are defined as

C

|
X = Ii exp—AH°/RT,) — exp(—AH°/RT)andY =
e
C

1 —Ili (14)

e

Relation 13 reveals a linear dependenc& ain X, andAS’
can be calculated from the slope.
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Figure 5. Temperature dependencies of the band &(844) andl*-
(844) of fluorocyclohexane dissolved in LKde = 0.9&03 —
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Figure 6. Dependence of as a function o, whereY =1 — (11¢)
andX = (I%1e) exp(—AH°/RTy) — exp(—AH°/RT). The parameterk
and| are shown in the caption to Figure 5.

are shown in Figure 5. It can be seen that in both intervals a
linear relation between band area and temperature may be
assumed. The linear regression lines for both intervals are also
given. The temperature of their intersect is defined@s

Relations 14 show that andY are calculated from the band
aread¢® andle. For temperatures aboVg, whereX is negative,
le is obtained by interpolating the high-temperature regression
line andl is obtained by extrapolating the low-temperature
regression line; at temperatures bel®yy whereX is positive,
interpolation of the low-temperature regression line yidlds
and extrapolation of the high-temperature regression line yields
le.

It may be noted that in the procedure described above there
is no need to correct for the changes in solvent densities
observed while heating the solution in LKr and/or the changes
for the path length due to thermal expansion of the cell, because
the definitions ofX andY involve a reduced band arela¥le.

The dependence &fon X for a typical experiment is shown
in Figure 6. The dependence¥bn X can be seen to be nearly
linear. The small nonlinearity is due to the fact that at
temperatures neaf, both branches of Figure 5 were ap-

For the present study five experiments were performed, eachproximated by straight lines. The value &S’ for each
starting from a fresh vapor-phase mixture. The solutions were experiment was calculated from the first derivativgdX at X
prepared at 185 K. After homogenizing at that temperature for = 0.

30 min, a spectrum was recorded. Subsequently, the temperature The values ofAS® obtained from this method vary between

of the solution was decreased stepwise, by approximatelyy 3

1.82 and 0.38 J mol K1, with the average over the five

K in each step. After each step the temperature was equilibratedexperiments equal to 1.0(6) J mélK~1 (Table 3). This value
and a new spectrum was recorded. This was repeated until thes consistent with that obtained from the first method, albeit its

final temperature, 118 K, was reached.
Band areas for the equatorial 844 thiband obtained in the

uncertainty is significantly bigger. Therefore, in the further
analysis below, we will use the more accurate of the two values,

high- and low-temperature interval of a typical temperature run 1.14(11) J moi! K71, asAS’ in LK.
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TABLE 3: Axial —Equatorial Standard Entropy Difference (AS°, J mol~! K1), Standard Enthalpy Difference (AH®, kJ mol~1),
and Standard Gibbs Energy Difference AG°, kJ mol~1) between the Conformers, and Activation Entropy AS," and ASs, J
mol~1 K~1) and Activation Enthalpy (AH,f and AH, kJ mol~2) for Conformational Transitions of Fluorocyclohexane

environment AS AH° AG° ASF ASF AHZ AHS
liquid krypton 1.14 (11),1.0(6) 1.3(4) 1.14(2) (140K) —30 (9) —31(9) 37.8(12) 39.0(12)
vapor phase 1.05 (6) (250K) 13.8 (54} 48.5 (54%
1.25 (12) (187 K3
0.71 (298 K}
neat liquid 0.88 (250 Ky
0.75 (298 Kj
CS —2.9 (171 0.9(3)11 1.8(8) (298 K}
1.16 (6) (187 Kj
CS: + (CHs)2CO + CD;OD + FCH (1:1:3:5) 1.59 (183 K)
CClLF -3 (2)° 40.1 (4)°
CF:Cl, 1.5 (1) (180 K)6
solid thiourea —12 (119 39 (3

T . T T y . experimentally. However, it is usually assumed to be very
small® This was verified by statistical thermodynamics calcula-
. tions3® The moments of inertia and the complete sets of
fundamental vibrational frequencies for each conformer required
for these were taken from our density functional calculations
q at the B3LYP/6-311++G(d,p) level. Using these, at a temper-
ature of 140 KAS> was derived to be a mere0.1 J mof?
K1, Therefore, we will assume that this quantity is effectively
T zero. If this is the case, the entropy difference measured here
in solution is entirely due to solvation effects. These must derive
to a minor extent from the smaller molar volume of the
T a-conformer, the hard sphere volume of this conformer being
1.5 cn? mol~! less than that of the e- conform&rand to a
6'8 6'9 7'0 7'1 7'2 7'3 much greater extent from the difference in polarity, the dipole
®Ty*10* momen_ts for the e- and a-conformers being 2.11 and 1.81 D,
_ respectively??
E‘J%L:Lec 7|' hP'OtS ocfi' Inklamd (@) ands '”%’P (b)h versus 1T for The above solvent influence axS° has been assessed from
yclohexane dissolved in LK. Symbols at the same temperature theory, using Monte Carlo free energy perturbation (MC-
correspond to different infrared bands. . . .
FEP}334calculations. These calculations produce the solvation

In(k/T)

Transition State Parameters. Transition state theofy Gibbs energyAsoG°(i) of the chosen conformerat a preset
derives the following relation between a reaction rate constant lemperature. This quantity is defined as the change, at constant
k and the activation enthalpgH* and entropyAS* of the pressure, of the intermolecular interaction energy caused by the
reaction: introduction of the solute into the solvent. The most obvious

way of determining the solvent influence on the conformational
kT N . Gibbs energy difference is, therefore, to subtract the solvation
k(T) = n expAS'/R) exp(—AH;"/RT) (15) Gibbs energies of the two conformers:

AA °=A_ G°(axial) — A..G° ial 1
in which kg andh are the Boltzmann’s and Planck’s constants, 5oG saG"(axial) = As,(G*(equatorial) -~ (16)

respectively. This equation shows that there is a linear reJation Preliminary calculations, however, showed that this procedure
between "K‘/-D and inverse temperatyre, and;* and AS . is counterindicated. This is due to the similarity of the,G°
can be derived from the slope and the intercept of the regression 4 ,as for the conformers. which means theh.,G° has a

line. ; ; ; : :
. . comparatively small value. To determine this quantity with
In Figure 7, the plots are given of ky(T) and Inf/T) versus = g fficient precision requires that the,G° values are obtained

the inverse temperature. In both cases the relationships are seefy;:, very high relative precision, which imposes unreasonable

to be linear. The values obtained from the regression lines for demands on the MC calculations. ThereforeAs,G° was

ASS andAHg’ are—30(9)¢.] mot K;l and 37.8(12) lemo_Ill, obtained in a different way. From the definition of thg,G°

while those found foAS™ and AHe™ are —31(9) J mot™ K follows thatAAs,G° is the change in intermolecular interaction

and 39'0(12,) kJ mof, respectively. L N energy when a solution of the equatorial conformer is converted
The data in Table 3 show that the activation enthalihy into a solution of the axial conformer. This conversion

for the solution of FCH in LKr is close to its value in solutions interchanges the-€H and G-F bands on one apex carbon atom

in CCLF and in solid thiourea, but it differs substantially from ;4 causes minor changes in bond lengths and angles in the

the value in the vapor phase. The observed phase dependencgngie molecule. In the procedure adapted, therefore, the

is consistent with an activation volume for the ring inversion .,nyersion was simulated by the stepwise rotation, governed
process, which is negativé. by the coupling parametér of the G-H and C-F bonds around
their bisector, from their position in the equatorial to their
position in the axial conformer, accompanied by the required
Solvent Effects onAS°. The vapor-phase value &S’ is changes in bond lengths and bond angles. This path is physically
the intrinsic entropic characteristic with which our solution value not realistic, which is thermodynamically unimportant, but it
must be compared. Hitherto, this value has not been determinedensures that with every increase of the coupling paranieter

Discussion
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- 06 . : T Monte Carlo free energy perturbation calculations yielded
g information on the difference in solvation enthalpy and differ-
z 05 i i Ivati t between th nformers, which ar
= ~ ence in solvation entropy between the conformers, ch are
i% 04 b ™~ ~ . in good agreement with the experimental values.
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